Comfort of cricket leg guards: a study of strap contact pressure  by Webster, J.M. & Roberts, J.R.
Available online at www.sciencedirect.com
Procedia Engineering  00 (2009) 000–000 
Procedia 
Engineering
www.elsevier.com/locate/procedia
8
th
 Conference of the International Sports Engineering Association (ISEA) 
Comfort of Cricket Leg Guards: A Study of Strap Contact Pressure. 
J. M. Webster
a
* and J.R. Roberts
a
aSports Technology Institute, Loughborough University, Loughborough. UK, LE11 3TU 
Received 31 January 2010; revised 7 March 2010; accepted 21 March 2010 
Abstract 
The aim of this study was to develop a better understanding of the effects of contact pressure on perceived comfort, using the top strap of 
cricket leg guards as an example. An X-sensor pressure mat was used to measure strap contact pressure across 10 strides whilst running at 
approximately 80% of maximum speed.  Three pads were assessed in terms of peak and average pressure. A subjective assessment was 
conducted to assess perceived contact pressure and comfort. The results identified a strong relationship between contact pressure and 
perceived comfort, with high pressures being associated with greater discomfort. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Personal protective equipment (PPE) has become increasingly important in professional sport, due to the high intensities of 
both training and competition, and with increasing expense associated with injury. Traditionally, PPE has been uncomfortable, 
bulky, cumbersome and ill-fitting, which can inhibit the performance of the user. More comfortable, conformal and fitted 
equipment is needed, which will provide maximal protection with minimal restriction on movement, whilst ensuring end-user 
satisfaction and comfort. Previous research has concluded that contact pressure between PPE and the skin is a major source of 
discomfort [1]. Garment design and fit play an important role in the sensation of pressure on the skin, which can have a 
significant influence on perceived comfort and greatly affect the desirability of an item of clothing or PPE [2].  The skin is very 
sensitive to pressure and can detect a displacement as small as 0.001mm in ideal conditions [3].  The pressure a garment applies 
to the skin is dependent on several variables including body shape, mechanical properties of the fabrics used, style and weight of 
the garment [4].  Little research has been conducted into the interaction between cricket leg guards and the skin, however, there 
is an abundance of literature within other fields, such as brassier and baseball cap design [5,6]. The results have revealed the 
importance of minimising contact pressure and, as a results, deformation of the skin, when seeking to improve comfort [7,8]. 
High pressure not only result in discomfort but also hinders physiological responses associated with the autonomic nervous 
system [6,9,10,11]. When relating the objective pressure results to subjective responses, it was found that areas of high pressure 
were identified as causing severe discomfort and pain [6] suggesting that, contact pressure needs to be reduced to maximise 
comfort. Contact pressure has also been identified as having a significant effect on the perceived fit of a garment, which also 
contributes to perceived comfort [2]. Therefore, the aim of this study was to investigate the effects of contact pressure on 
perceived comfort of PPE worn in sport, using the top strap of cricket leg guards as an example.   
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2. Methods 
Subjects 
Nine university cricketers, playing at various levels from local club to county first team, all of whom were training at least 
once a week and had experience of wearing cricket leg guards, were recruited for this study. The subjects had a mean age of 
21.6 ±1.2 years.  
Pad selection 
Three pads currently available on the market were used (P1, P2 and P3), varying in weight, design and construction (Figure 
1). The three pads were deemed to be a suitable representation of the current market, varying in mass, design and construction. 
During a previous study, players had also identified differences between these pads in terms of the amount of pressure exerted 
on the leg and the degree of pad movement experienced whilst running [1].  
Figure 1: Cricket leg guards used in testing 
Measurement of contact pressure 
Each participant completed two dynamic measurements on a treadmill, whilst wearing an X-sensor pressure mat wrapped 
around the leg under each set of pads. A custom made LX200 sensor with dimensions of 50cm by 40 was used. The sensor had 
an operating pressure range of 1.4-150kPa, incorporating 7000 sensing points with a resolution of 0.5cm, which could be 
sampled at 15 Hz.  
6cm. A HP Cosmos Saturn treadmill with a wide running belt (1.25m wide) was used to allow the subjects to run with an 
increased stride width if necessary, due to the cricket pads. The treadmill was fitted with handrails and a harness to allow 
participants to safely stop the test at any point if necessary.  To determine a suitable treadmill speed, the players were asked to 
run at approximately 80% intensity, whilst wearing their own pads, to prevent any augmentation or pre-judgements being made 
prior to the test commencing. The pressure sensor was then wrapped around the leading leg of the player (left leg for right 
handed batsmen and right leg for left handed batsmen) and secured in place with 3M hypoallergenic double sided tape, so that 
the sensor covered an area from the top of the shoe to above the knee. Once the sensor was in place, the data acquisition box and 
port were fastened to the leg, and all cables passed through the harness to ensure that they did not interfere with the running 
stride. The pad was now fastened in place (Figure 2); all players fastened the pad to the leg themselves, at their preferred 
tightness, allowing differences between cricketers to be assessed. The order in which the pads were worn was randomised for 
each participant to prevent any order effects.  
Figure 2: Sensor mat and pad attached to the leg 
Whilst wearing each pad, participants were asked to run at their designated speed (as previously set) for ten strides, whilst 
pressure and video data were captured. Following a two minute rest a repeat test was performed. After the two trials had been 
captured, the participants had a 5 minute rest before testing recommenced with the next pad, to help prevent fatigue. All 
methods used within this testing were approved by the Loughborough University ethical committee prior to testing. 
(P1) (P2) (P3) 
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Perceived comfort questionnaire  
A subjective analysis was completed once all pads had been assessed. The players were asked to rate the top strap in terms of 
comfort and strap pressure on a continuous scale. This final section was included to allow further analysis to be conducted 
between end-user perceptions and objective measurements, in order to determine if there was a relationship between the two sets 
of results. 
Data analysis 
Analysis of the data was performed in two stages. Firstly, the video data and pressure data were synchronised allowing the 
data to be separated into ten individual strides for each data capture. Secondly, the data was separated into different stages of the 
running stride, starting from ipsilateral heel strike to contralateral toe off. Once all the data had been processed and structured 
accordingly, a statistical analysis of the results was conducted and is presented in the following sections.  
3. Results 
Contact pressure results 
The pressure sensor used within this testing collected data for the entire pad, however, this paper focuses on the data 
collected under the top strap, as previous work has identified this area to be a major source of discomfort [1].   
Contact pressure was captured from two repetitions of ten strides per condition for each subject, resulting in large amounts of 
data. The initial analysis focused on the consistency of the data and aimed to determine if the top strap pressure profiles varied 
significantly between strides and between participants. Each capture was separated into 20 separate strides (10 strides from trial 
one and 10 from trial two) and each stride was considered as a percentage of cycle completion (0% = front foot heel strike, 
100% = next front foot heel strike) to overcome differences in stride duration between subjects and align data. Peak and average 
pressure were studied.  Once the data had been separated into individual strides, a cross-correlation was performed on the data. 
A strong correlation was found between the separate strides with regards to peak pressure (0.851-0.977) and average pressure 
(0.854-0.989). As a result, a mean pressure profile was calculated for each subject from the twenty strides wearing each pad, 
allowing a between subjects and conditions analysis to be conducted on the mean data. A strong correlation was found between 
subjects (0.802-0.971) (Figure 3), therefore, it was deemed appropriate to discuss the results as a whole group rather than on an 
individual subject basis. When discussing the pressure maps for each pad, subject fives data will be presented as it was deemed 
representative of the other results, as it contained the similar trends as can be seen in all nine subjects data.   
Figure 3 illustrates the average pressure under the top strap for each subject during a stride. A significant increase in average 
pressure can be seen under the top strap from just prior to back foot initial contact to back foot toe off for all three pads (Figure 
3). For P1 an increase in average strap pressure was measured at the point of maximum flexion reaching peaks of 33.3 kPa (±2.3 
kPa) on average. This sudden increase in pressure was also found for P2 and P3 reaching peaks of 38.9kPa (±3.1kPa) and 
41.3kPa (±3.5kPa) respectively. These results identified no significant difference between P2 and P3 (p=0.526), however, P1 
was found to apply significantly less pressure on the leg (p=0.01). These increases in average pressure occurred despite contact 
area for P1 and P3 increasing and P2 remaining constant (Figure 4d). Although these findings were consistent for all nine 
subjects, there was a discrepancy in timing of the pressure data for P2, with four subjects reaching their peak pressure 
approximately 10% earlier in the gait cycle. This misalignment of data could be as a result of the sampling frequency of the X-
sensor and the difficulty of precisely aligning the data. As with the average pressure data a large increase in strap pressure is 
experienced at the point of maximal flexion, with P2 and P3 reaching significantly higher pressures than P1 (p<0.05)  (Figure 
4c). Pressure maps for each pad are shown at key stages during the stride in Figure 4a, using data from subject 5 as an example. 
It can be seen that the areas of high pressure are localised to two very specific areas, with other areas of the strap maintaining a 
lower pressure, closer to those experienced throughout the rest of the gait cycle. For all three pads the extreme high pressure 
found, is consistently located over the area where the semi-tendinosus and semi-membranous tendons protrude whilst knee 
flexion occurs. The peak pressures at these locations reach 101.9 kPa (±7.3 kPa), 133.2 kPa (±5.0 kPa) and 141.3 kPa (±3.5 kPa) 
for P1, P2 and P3 respectively.  
Questionnaire results 
The players’ ratings of perceived comfort and strap pressure were used to obtain a rank order of pads for each subject. The 
rank order results were analysed using a Friedman’s test. Significant differences were found between the conditions (T> χ² for 
k=3 at a significance level of 0.05). To identify which pads were perceived to be significantly different in terms of comfort and 
strap pressure, Fisher’s LSDrank was used. The players perceived no difference in comfort between P2 and P3, however, P1 was 
consistently rated as the most comfortable pad. For strap pressure, P2 and P3 were perceived to apply significantly more 
pressure to the leg than P1 (p<0.05). 
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Figure 3: Mean top strap average pressure for each subject as a function of gait cycle completion (front foot initial contact (FFIC), Front foot toe off (FFTO), 
Backfoot initial contact (BFIC) and back foot toe off (BFTO)) for A) P1, B) P2 and C) P3  
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4. Discussion  
From the results, it can be seen that the pressure applied to the leg by the top strap does not vary significantly 
between players or from stride to stride, as a high correlation was found both within and between subjects. 
Significant differences in terms of average and peak pressure were found when comparing different leg guards and a 
clear relationship emerged between the objective and subjective assessments. Strap pressure increased as the leg 
reached the point of maximum flexion for all three pads, however, this increase was significantly larger for P1 and 
P3 compared with P2 when considering average pressure. Whereas the leg was subject to significantly higher peak 
pressures whilst wearing P2 and P3 compared to P1. Peak pressure results were reflected in the subjective 
assessment of the pads; P2 and P3 were perceived to apply significantly more pressure to the leg than P1, and be less 
comfortable than P1. The results from this testing have identified the importance of contact pressure and its 
influence on perceived comfort. From the results, it is clear that both average and peak pressure need to be reduced, 
ensuring that straps apply a more consistent pressure particularly during flexion and extension of the knee joint.    
5. Conclusion 
The aim of this study was to develop a better understanding of the effects of contact pressure on perceived 
comfort, using the top strap of cricket leg guards as an example.  The results from this testing have identified that 
large increase in peak and average pressure occur under the top strap at the point of maximum flexion, with the peak 
pressure exerted by P2 and P3 reaching significantly higher levels than P1. The increased pressure applied to the leg 
by P2 and P3 resulted in the them being perceived as less comfortable than P1.  
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